Integrating ever-increasing amounts of variable renewable energy (VRE) into the power system could benefit from harnessing widespread residential demand-side management. This paper presents case studies on the potential benefits of power-to-heat (P2H) flexibility and energy efficiency improvements in a hypothetical future Finnish detached housing stock in the year 2030, both as a part of the larger Nordic power system and in an isolated Finnish power system. The housing stock was depicted using two archetype houses modeled using a simple lumped capacitance approach, integrally optimized as a part of a stochastic linear programming unit commitment model of the power system. With sufficient amounts of VRE, residential P2H with thermal storage was found to yield more system cost savings than simple energy efficiency improvements. However, energy efficiency improvements remained more beneficial for house owners, as excessive use of residential P2H for assisting the power system could result in increased heating costs.
Introduction
With the world producing ever-increasing amounts of renewable energy [1] at record-low costs [2] , energy systems are likely to rely increasingly on power generation from variable renewable energy (VRE) sources. This will challenge the traditional role of the generation side in matching electricity demand, as generation from VRE is bound to the vagaries of weather. In addition to more conventional solutions, e.g., investing in peak-load power plants or transmission capacity, various energy storage and demand-side management (DSM) solutions are being researched as potential alternatives [3] .
DSM is by no means a new technology, and different demand response schemes have been utilized for decades, particularly in the energy-intensive parts of the industrial sector [4] . With improvements in communications technology and adaptation of smart metering, various DSM solutions are becoming increasingly more viable within the residential sector as well. Devices such as electric heating systems and electric vehicles have received their fair share of academic attention [3, 5, 6] , as they represent ideal candidates for DSM within the residential sector. Additionally, the ongoing electrification trend in the heating and transportation sectors aiming towards a decarbonized society [7, 8] will likely increase interest in power-to-heat (P2H) and vehicle-to-grid solutions. However, there are still considerable barriers to widespread adoption of P2H measures, such as insufficient collection and sharing of data required for smart building automation systems [9] . Furthermore, large scale electrification of heating can result in challenging increases in peak power demand, especially without mitigating DSM measures [10] .
So far, the benefits of P2H have been studied in a number of different power systems using various methodologies, with a lot of focus on mixed-integer and linear programming unit commitment (UC) models [5] . However, a common issue in studies explicitly modeling the residential heating demand is that the thermal dynamics of the modeled building stock are oversimplified and incapable of accurately describing the thermal flexibility of buildings, as discussed in Ref. [11] . For example, in Ref. [12] , the flexibility of residential heat pumps is assumed to be directly proportionate to the deviation of the indoor temperature from a business-as-usual temperature profile, neglecting the impact of ambient conditions such as temperature and solar radiation on the heating flexibility. Similarly, the stylized heat storage approaches used in Refs. [13] [14] [15] and the constant time window for demand shifting used in Ref. [16] fail to adequately capture these effects.
Some studies have opted for simplifying the generation side instead, while accurately describing the building stock thermal dynamics using lumped capacitance models. However, using predetermined electricity prices like in Refs. [17] [18] [19] fails to account for the impact of widespread DSM measures on the prices, while merit-order models like in Ref. [20] fail to fully capture the benefits of widespread DSM due to not considering power plant start-up costs. Deterministic integrated approaches with lumped capacitance models for describing the thermal dynamics of the building stock have been successfully used to study both optimal investments and operation in a future Danish power system [21] , CO 2 abatement costs in a future Belgian power system [22] , as well as the potential of various incentives compared to the benefits achieved using integrated optimization in the Belgian power system [23] . Nevertheless, deterministic approaches tend to achieve unrealistically optimistic results compared to stochastic models.
Finland makes an interesting case study for residential P2H, as electric heating is rather prominent in the residential building stock. Additionally, the building stock is relatively new and energy efficient, and the heating season is long due to the cold climate. Around 23% of all residential heating demand is covered with electric heating, with detached houses in particular accounting for roughly 70% of all electrically heated gross floor area in the Finnish building stock [24] . While there are previous Finnish case studies on the benefits of widespread P2H, they have either oversimplified the thermal modeling [16] , or focused on specific cases such as mitigating wind power ramp effects [25] and maximizing electricity retailer revenues [26, 27] .
This paper aims to compare the impacts of widespread residential P2H and energy efficiency improvements in a hypothetical future Nordic power system by using a stochastic integrated UC and DSM approach with lumped capacitance thermal models for describing the flexible housing stock. Residential P2H and energy efficiency improvements in the Finnish detached housing stock are considered both in an isolated Finnish power system, as well the larger Nordic power system, in order to highlight the impact of the inherent flexibility of a larger power system on the potential benefits of residential P2H solutions. Sensitivity scenarios with increasing amounts of VRE are also included to investigate the value of flexible electric heating in future renewable power systems. Finally, the heating costs of the individual houses are calculated and compared to the overall system cost savings to provide additional insight into how the energy bills of the house owners are affected.
To the authors' best knowledge, such an approach hasn't been previously used in existing literature, nor have the benefits of residential P2H and energy efficiency improvements been directly compared on a power system level. The article results corroborate the magnitude of system cost savings from building heating flexibility seen in previous studies. This is a contribution to the existing literature because the article examines a unique system setting, is based on scrupulous data collection, and has an appropriate modelling methodology.
Methodology
In order to examine the impacts of widespread residential P2H and energy efficiency measures in a future Nordic power system, the expected Finnish electrically heated detached housing stock was aggregated into two archetype houses for the Southern and Northern Finland, respectively. These archetype houses were assumed to sufficiently represent the aggregated behavior of the housing stock, and their thermal dynamics were described using a simple lumped capacitance model described in Section 2.3. The archetype house thermal models were implemented as an integral part of the stochastic UC optimization model called Backbone [28] , briefly described in Section 2.2, that was used for rolling optimization of the power system operations with the additional P2H flexibility. Finally, the benefits of different residential P2H and energy efficiency improvements were examined by comparing the total yearly operational costs of the co-optimized flexible housing stock and the power system under the various power system scenarios described in Section 2.1.
Case Studies
The scope of the modeled hypothetical future Nordic power system in the year 2030 is presented in Figure 1 . In addition to the full Nordic system case study, a separate case study for an isolated Finnish system consisting only of the power system nodes 74FI and 75FI in Figure 1 was included in order to examine the effects of residential P2H and energy efficiency measures in a considerably less flexible power system. Since the detached housing stock modeling is limited to Finland, large portions of Norway and Continental Europe were heavily aggregated in order to reduce the computational load of the optimization problem for the Nordic case study.
Additional scenarios with increasing amounts of solar and wind generation capacity were included to provide insight into the dependency between VRE and the benefits of flexible electric heating. The wind and solar multiplier ranged between 0.5-2.5 in the Nordic scenarios, and between 1-5 in the Finland scenarios. While these are not necessarily plausible future scenarios, they nonetheless provide a way of exploring the VRE dependency of residential P2H and energy efficiency. The shares of electricity generation by fuel for all the different scenarios are presented in Tables 1 and 2 . For the isolated Finland case study, the capacity of combined cycle gas turbines was increased to avoid power shortages in winter without electricity imports from the neighboring countries. Illustration of the scope of the modeled power system. Ovals represent power system nodes enforcing energy and reserve balance constraints, diamonds represent units generating and consuming energy, and boxes represent exogenous energy demand. Black and white are used to indicate generation and consumption of power and heat, respectively. Every power system node has electricity and heat generation as well as demand, even though only the 73EE node is presented in detail.
Two energy efficiency refurbishment measures and three different smart electrical heating systems with increasing amounts of thermal storage were compared against each other to study the effectiveness of both energy efficiency and P2H flexibility. The whole expected electrically heated detached housing stock in Finland in 2030 was included in all the scenarios, totaling 406,280 houses. In the refurbished (Rfb) energy efficiency scenarios, all of the housing stock was refurbished according to current Finnish policies [29] and national studies [30] [31] [32] , reducing the heating demand by up to 37% in the older housing stock. The nearly zero-energy building (nZEB) scenarios used extreme and often prohibitively expensive refurbishments aiming to make the houses as energy efficient as modern ones, reducing the heating demand by up to 57% in the older housing stock. As for the flexible heating systems, the direct resistive heater (RH) scenarios modeled houses with smart RHs, the storage heater (SH) scenarios modelled the houses with smart SHs, and the super storage heater (SSH) scenarios used hypothetical heaters with three times the heat capacity of a regular SH. All of the modeled flexible heating systems included smart domestic hot water (DHW) storage tanks as well.
The power system data was primarily based on the results of the European Reference Scenario 2016 [33] , the e-Highway 2050 project [34] , and the Ten Year Network Development Plan 2016 [35] . All time series data was obtained for the year 2013 whenever possible, but compromises had to be made with hydropower inflow and district heating demand time series. Since hydropower inflow time series from 2013 were unavailable, time series from 2012 were used instead. Similarly, district heating demand time series for the modeled power system were unavailable, and the district heating demand profiles were based on the electricity demand time series from the Ten Year Network Development Plan 2016 market modeling data. See Appendix A for more details on the various power system data sources and assumptions. The state of the residential housing stock in the year 2030 was based on national modeling results about the future development of the Finnish residential building stock [36, 37] . See Appendices B and C for more details on the properties of the housing stock and heating system parameters, respectively.
Power System Modeling
As widespread residential P2H and energy efficiency improvements potentially affect the way power systems are operated, the power system was modeled explicitly in order to capture the impact of the flexible detached housing stock. In this work, the co-optimization of the flexible housing stock and the power system was carried out using an open source generic energy network stochastic optimization model called Backbone [28] , currently under development with a publication forthcoming. Backbone is a stochastic mixed-integer linear programming model with an emphasis on model adaptability. Many of the model equations are formulated to be as generic as possible, allowing them to be used for different applications simply by changing the model input parameters, such as the generic energy balance constraint presented in Equation (1) . Similarly, the default objective function aiming to minimize the expected system costs presented in Equation (2) can be easily changed depending on the desired application. The stochastic time structure can also be configured for different purposes besides the rolling unit commitment and dispatch optimization in this work, such as investment planning or building energy management optimization. The version of Backbone used for this work has been tagged as "RealValue_ArticleResults" in the model repository [28] . Figure 1 presents an illustration of the energy network structure within Backbone used in this work, with a generic energy balance constraint
enforced at each node n for all forecasts f and time steps t. The set N n contains all nodes n connected to node n via energy transfer variables or diffusion coefficients, and the set U n contains all units u connected to node n. Depending on the purpose of each node n, the different parameters p, variables v, and time series τ can have different interpretations and measurement units, and are fixed to zero when not applicable. The energyCapacity parameter converts the energy content of the state variable into the desired energy unit, while the sel f DischargeLoss and di f f Coe f f parameters determine the self-discharge and energy diffusion rates respectively. The trans f erLoss parameter represents the energy losses when transferring energy to this node from connected nodes via the trans f er variable, and the spill variable represents transferring energy out of the model boundaries. The generation variable represents energy generation and consumption by different units, and the in f lux time series represents uncontrollable energy gains and demand. The generation variable and the in f lux time series are included using ± for clarity, as their nature changes depending on the application. The ∆ t parameter represents the length of time step t, and is measured in hours. The presented Equation (1) has been simplified from its full formulation [28] for clarity by dropping the grid index, using symmetrical di f f Coe f f parameters, and dropping the dummy variables ensuring constraint feasibility.
The power system nodes were subject to the energy balance constraint presented in Equation (1), with the exception that they had no state variables, essentially reducing the equation to a power balance constraint instead. Power system nodes were not allowed to use the spill variable to dump excess electricity, and the in f lux time series was used to represent inflexible electricity demand in MW e . Similarly, the generation and trans f er variables were measured in MW e for the power system nodes. For hydropower reservoir nodes, the state variables represented the amount of electrical energy stored within the reservoir nodes as water in MWh e , the in f lux time series defined the energy inflow into the reservoir nodes in MW e , and the spill variable enabled spilling of excess energy in MW e if necessary. Run-of-river hydropower was simply modeled using a capacity factor time series based on water inflow data that the power plants could either utilize or not.
Constraints to limit the electricity and reserve transfer capacities between the power system nodes were also implemented. Furthermore, a number of different constraints were used to ensure realistic unit operation, such as conversion efficiencies, combined heat and power production ratios, and reserve provision. However, while the units were modeled with startup, shutdown, and online variables, these were relaxed into continuous variables in order to avoid turning the LP problem into a computationally more demanding mixed-integer problem. While a comprehensive model documentation of Backbone is not yet available, the implementation of the various constraints is available through the model repository [28] .
The full-year optimization employed a moving horizon, where only the first six realized hourly time steps were recorded for each solving process, before the model advanced six hours in time for another solving process. Reserve commitments were fixed one solving step ahead of time based on the imperfect information in the forecast branches, as illustrated in Figure 2 . Due to the importance of reservoir hydropower in the Nordic power system, the modeling horizon was extended to cover three years in order to achieve more realistic use of the hydropower reservoirs. All time series data was simply repeated for the consecutive years to avoid undesired hoarding or dumping of reservoir hydropower. The time steps were heavily aggregated for all but the earlier time steps in each solving process to keep the computational load feasible with such a long modeling horizon, as indicated in Figure 2 .
The optimization included three forecast branches, as illustrated in Figure 2 , out of which only the central forecast spanned the entire two-year modeling horizon in order to reduce the computational load of the model. The optimistic forecast used higher capacity factors, hydropower inflows and higher ambient temperatures, with lower electricity and district heating demands, while the pessimistic forecast used the opposite. The wind power and ambient temperature forecasts were based on data from the European Centre for Medium-Range Weather Forecasts, and and represent the 20%, 50% and 80% quantiles of 51 ensemble forecast members. For other forecasts, the central forecast was the same as the realization, while the optimistic and pessimistic forecast branches assumed a fixed error of 20% for photovoltaic panel capacity factors, and 5% for hydropower inflows, electricity demand, and district heating demand. The objective of the power system optimization was to minimize the expected operational system costs described by the objective function
over all forecasts f and time steps t. F u is the set of fuels for unit u, N w is the set of hydropower reservoir nodes, and the time indexes t and t refer to the first and last time steps of the current solving process, respectively. Both the optimistic and pessimistic forecasts were assigned a probability parameter of 20%, while the probability of the central forecast was designated as 60% until the forecast horizon, and 100% for the later time steps. The startup variable represented unit start-ups, and the f uelUse variable represented the consumption of fuel energy content of the units in MW F . As for the different cost parameters c, the startup&emission cost parameter contained all the fuel, emission, and operation and maintenance (O&M) costs related to unit startups in EUR/start-up, while these costs were divided into the O&M and f uel&emission cost parameters during normal unit operation in EUR/MWh e and EUR/MWh F , respectively. The reservoirValue parameter was used to appraise the change in the stored electricity content of the hydropower reservoirs in EUR/MWh e over the three-year modeling horizon, and was based on the yearly average marginal cost of generation for each scenario. See Appendix A for details on the sources of the cost terms. For clarity, the presented Equation (2) has been simplified from its full formulation [28] by combining different fuel and emission related cost parameters, as well as by dropping the grid index, unused investment and node slack variable cost terms, and penalty terms for energy and reserve provision dummy variables.
Housing Stock Thermal Modeling
A simplified description of the housing stock is required to effectively represent numerous detached houses over large geographical areas within power system models. In this work, the expected future electrically heated Finnish detached housing stock was aggregated into two archetype houses for the Northern and Southern Finland, respectively. The properties of the archetype houses were calculated as a gross floor area weighted average of the expected future electrically heated detached housing stock over the different municipalities and house age categories. Similarly, the weather data for the archetype houses was aggregated by calculating the gross floor area density weighed average over the desired regions. For simplicity, the archetype houses were assumed to be rectangular in shape and aligned perpendicular to the cardinal directions, as reliable data on the typical shapes and alignments of Finnish detached houses were not available. Furthermore, the space heating and ventilation systems were assumed to be sufficiently distributed to provide uniform heating and ventilation to the whole archetype house, avoiding the need for multi-zone modeling approaches. See Appendix B for more information on the aggregation of the Finnish detached housing stock.
The archetype houses were assumed to sufficiently represent the thermal dynamics of the Finnish electrically heated detached housing stock, as well as its flexibility. A simple lumped capacitance model, illustrated in Figure 3 , was used for describing the dynamics of the archetype houses. The model used three temperature nodes for the house interior and envelope, one temperature node for the DHW storage tank, and an extra temperature node for SH and SSH systems in their respective scenarios. The archetype houses were included as an integral part of the larger power system model, and the generic energy balance equality constraint in Equation (1) was used for implementing the lumped capacitance house thermal model as follows: The energyCapacity parameter described the heat capacity of the thermal node n in Wh/K, the state variable recorded the temperature of n in kelvin, and the di f f Coe f f parameter defined the heat transfer coefficient between the nodes n and n in W/K. The sel f DischargeLoss parameter described the heat losses from the DHW tank that were assumed not to affect the house thermal nodes via heat transfer in W/K. The trans f er variable and the trans f erLoss parameter represented controlled heat release in W and its efficiency from the modeled SHs and SSHs into the house interior, while the generation variable described the conversion of electricity into heat within the SHs, DHW tanks, and RHs in W. Additionally, the generation variable described cooling the house interior using an air conditioner. The in f lux time series applied internal and solar heat gains for the house interior and envelope nodes, as well as DHW consumption for the DHW tank node, all in W. None of the temperature nodes were permitted to use the spill variable to dump excess heat. When connecting the archetype house lumped capacitance models into the power system nodal network, the aggregated power consumption of the heating equipment in MW e was calculated simply by multiplying the power consumption of the archetype house by the number of houses it was used to represent. Besides the energy balance constraint presented in Equation (1), most of the other constraints applied to the lumped capacitance model were rather straightforward. The temperature of the interior air node was constrained between 21-27 • C based on national guidelines [38] , the temperature of the DHW tank was constrained between 60-80 • C in order to ensure availability of hot water, and the permitted temperature of the SHs was constrained between 30-580 • C [39] to ensure heating availability. The parameters for the lumped capacitance models of the archetype houses, as well as internal and solar gains, were calculated mainly according to EN ISO 13790 [40] , other standards [41, 42] , as well as national guidelines [43, 44] . See Appendix C for more details on the house thermal model and heating system parameters.
The performance of the lumped capacitance house thermal model was verified against IDA Early Stage Building Optimization (ESBO) v1.13 [45] , which is a free building simulation program based on IDA Indoor Climate and Energy (ICE) with limited functionality. The lumped capacitance model archetype houses were matched with the IDA ESBO default single and two story detached houses as closely as possible, and simulated using weather data from both Helsinki Airport (60 • 19 01 N, 24 • 58 01 E) and Inari town center (68 • 54 18 N, 27 • 01 49 E) for the years 2011-2012, in order to ensure consistent model performance in both Southern and Northern Finland. Similarly, the detached housing stock aggregation methodology was verified by calculating the yearly heating demand of the detached housing stock using different numbers of archetype houses and regional divisions, and comparing the results to national statistics [24] for the years 2010-2013.
Results
Full-year integrated optimization of the flexible electrically heated Finnish detached housing stock and power system operations was performed for all the different scenarios detailed in Section 2.1 to study the benefits of various residential P2H and energy efficiency measures. The resulting total yearly system costs were used for comparing the system benefits of each studied flexible heating system and energy efficiency measure. Additionally, the resulting marginal costs of generation were used for studying the impacts of widespread residential P2H and energy efficiency measures on electricity prices and the yearly heating costs of individual house owners.
The results of each scenario were compared against a conventional direct electrical heating baseline, assumed to be included in the total electricity consumption in the power system nodes 74FI and 75FI in Figure 1 . For the P2H and energy efficiency scenarios, the baseline heating electricity consumption was calculated by minimizing the heating electricity consumption of the modelled detached housing stock separately from the power system. This baseline was then subtracted from the total electricity consumption time series of the corresponding power system node before the flexible housing stock was co-optimized as a part of the power system.
In order to estimate the impact of widespread P2H and energy efficiency for individual house owners, the marginal heating costs per house were calculated based on the marginal costs of generation and the electricity consumption of the modeled heating equipment. Thus, the estimated yearly heating costs don't include other common cost components of retail electricity prices, such as taxes or transmission tariffs. It is also important to note that the objective function only aimed to minimize the total system costs, and the heating costs were calculated to show how end-user energy costs were affected. Table 3 contains the total system costs and heating costs for the baseline of the different wind and solar multiplier scenarios, used for calculating the system cost savings and heating cost savings for the different P2H and energy efficiency scenarios presented in Figure 4a ,b. The RH scenarios achieved the lowest system cost savings of Figure 4a , while the increased thermal storage capacities of SH and SSH resulted in slightly higher savings in their respective scenarios. The savings were seen to increase along with the amount of VRE up until 2-2.5 times the expected amount, and then begin to stagnate.
Nordic Case Study
The Rfb and nZEB energy efficiency scenarios achieved noticeably higher system cost savings in Figure 4b than the flexible heating system scenarios with low amounts of VRE. However, the savings achieved with energy efficiency improvements steadily declined as the amount of VRE was increased, with the SH and SSH scenarios achieving higher savings than the Rfb scenario with 2-2.5 times the expected amount of VRE. Combining smart RH systems with energy efficiency improvements further increased the system cost savings of the energy efficiency measures in the Rfb + RH and nZEB + RH scenarios, although these additional savings were slightly lower than the savings in the RH scenario. The RH scenario also achieved the lowest heating cost savings in Figure 4b , while the additional thermal storage capacity of the SH and SSH achieved slightly higher savings. Interestingly, the heating cost savings were higher in the 0.5× VRE scenario than in the 1× and 1.5× scenarios for all of the flexible heating systems. Similar to the system cost savings, the heating cost savings began to stagnate between 2-2.5 times the expected amount of VRE. Overall, the heating cost savings of the flexible heating systems were slightly lower than the respective system cost savings with 1-2.5 times the expected amount of VRE.
The energy efficiency scenarios in Figure 4b achieved noticeably higher heating cost savings than the flexible heating system scenarios, especially at low amounts of VRE. Unlike the P2H systems, the energy efficiency measures achieved higher heating cost savings than system cost savings. Again, combining a smart RH system into the energy efficiency improvements in the Rfb + RH and nZEB + RH scenarios slightly increased the achieved heating cost savings compared to the Rfb and nZEB scenarios.
The impact of widespread flexible heating on the marginal costs of generation were found to be more noticeable at higher costs and larger amounts of VRE, as shown in Figure 5 . The residential P2H systems can be seen to shift consumption away from expensive hours and towards cheap ones, while the energy efficiency measures simply shift the duration curve to the left, resulting in slightly lower prices overall. Table 4 contains the baseline costs used for calculating the system and heating cost savings presented in Figure 6a ,b for the Finland case study. Similar to the Nordic case study, the RH system achieved the lowest system cost savings in Figure 6a , while the SH and the SSH achieved noticeably higher savings due to their increased thermal storage capacity. The savings of the flexible heating systems were seen to increase along with the amount of VRE in the power system up to around 2-3 times the expected amount in 2030. However, when the amount of VRE was increased even further, the benefits of the flexible heating systems turned into a slight decline. The energy efficiency measures resulted in somewhat higher system cost savings than P2H in Figure 6a with low amounts of VRE, but declined along with the increase in VRE. The Rfb scenario only achieved more savings than the SH and SSH scenarios in the 1× VRE scenario, while the nZEB scenario remained more beneficial than the SH and SSH scenarios until 3-4 times the expected amount of VRE. The energy efficiency savings were further improved with smart RH in the Rfb + RH and nZEB + RH scenarios, increasing their savings to the level of the SSH scenario and beyond. Compared to the simple energy efficiency savings in the Rfb and nZEB scenarios, the additional savings achieved via the flexible RH in the Rfb + RH and nZEB + RH scenarios were slightly lower than in the regular RH scenarios.
Finland Case Study
Compared to the system cost savings, the heating cost savings presented in Figure 6b of the flexible heating systems are noticeably lower. The RH system ended up with slightly increased heating costs in the 1-3× VRE scenarios, while the SH and SSH scenarios managed to achieve increasing savings. Interestingly, the bought energy savings for the flexible heating systems were seen to increase along with the amount of VRE even beyond the 2-3 times the expected amount, unlike the system cost savings. Similar to the Nordic case study, the energy efficiency scenarios in Figure 6b achieved higher heating cost savings than system cost savings, and the savings decreased as the amount of VRE was increased. The Rfb + RH and nZEB + RH scenarios resulted in additional heating costs with 1× VRE, but yielded additional savings with higher amounts of VRE, similar to the regular RH scenario.
The widespread deployment of flexible heating systems was seen to have a noticeable impact on the marginal cost of generation in the Finland case study, as illustrated in Figure 7 . As expected, the additional flexibility was seen to shift consumption from hours of expensive prices to cheaper ones, whereas energy efficiency could be seen to simply lower the prices throughout the year. Increasing the amount of VRE could also be seen to significantly reduce the amount of mid-range prices, while the peak prices remained relatively unchanged. 
Discussion
Overall, the system cost results agree relatively well with existing literature. The total operational system cost savings of around 12-28 MEUR/year of the entire electrically heated Finnish building stock in Ref. [16] agree well with the 14-65 MEUR/year achieved in the RH scenarios of the Nordic case study, although the detached housing stock modeled in this work only covers around 70% of the whole electrically heated Finnish building stock. Similarly, the resulting yearly operational system costs of the Finland case study agree relatively well with the corresponding value of 3620 MEUR/year in Ref. [16] , considering the different data sources and assumptions. Most relevant studies, however, have focused on studying the impacts of residential P2H with heat pumps [11, 12, 20, 21] , often as an alternative to fossil fuel based heating systems. Considering the better coefficient of performance of air source heat pumps in more southern countries and the difference in the amount of modeled houses, the system cost savings around 200 EUR/house/year in Ref. [20] for a million detached houses in Belgium agree relatively well with the savings between 90-300 EUR/house/year achieved in the RH scenarios of the Finland case study. Similarly, the 36-47 MEUR/year for 1,260,202-1,758,774 houses in Germany [12] , again with air source heat pumps, are also quite similar to the 36-122 MEUR/year achieved in the isolated Finland RH scenarios.
From the power system's point of view, the modeled energy efficiency improvements yielded larger system cost savings than P2H with lower amounts of VRE. However, the system cost savings of P2H were seen to increase along with the amount of VRE in the system similar to previous studies [12, 20] , and eventually SHs were seen to become more valuable to the system than simple energy efficiency refurbishments. This gives credence to a hypothesis that there is a potentially important trade-off between heating flexibility and energy efficiency in buildings-both current policy goals in European Union. Interestingly, the system cost savings of flexible heating systems turned into a decline as more VRE was added to the system, seen between 2-3 times the expected wind and solar generation capacity in 2030 in both case studies. This was most likely due to the decrease in electricity prices seen in Figures 5 and 7 , leaving less valuable price arbitrage for the P2H to exploit. Similarly, this caused the decline in system cost savings of energy efficiency improvements. However, the relative system cost savings of P2H were still seen to increase at 3-5 times the expected amount of VRE, although at a noticeably slower rate. It should be noted that a large increase in VRE would result in changes in the rest of the generation portfolio over time, and could potentially increase the system cost savings of flexible heating systems.
The system cost savings achieved by the different flexible heating systems were found to increase along with the amount of thermal storage in both case studies. While the SHs achieved noticeably higher savings than the RHs, further increasing the size of thermal storage in the SSH scenarios only achieved around 2-19% higher system cost savings than the SHs even with three times the storage capacity. It would seem that the main benefit of residential P2H with thermal storage lies in decoupling the heating demand from the electricity demand, as opposed to storing heat for prolonged periods of time.
Overall, the inherent flexibility of a larger power system in the Nordic case study resulted in a more balanced system and heating cost savings compared to the isolated Finland case study. In most of the scenarios, the system cost minimization also decreased the household heating costs. However, the 1-3× VRE RH scenarios of the Finland case study resulted in increased heating costs for the house owners. This increase can be explained by excessive use of the heating flexibility due to high demand from the power system side, resulting in increased heating energy consumption due to the poor heat storage in the houses' thermal mass. A similar effect could explain the decrease in heating cost savings between 0.5-1× VRE scenarios in the Nordic case study, with the increased demand for flexibility resulting in the heating systems servicing the power system against the interests of the house owner. While the system cost savings of P2H were higher in the isolated Finland case study than in the Nordic case study, it would seem that the better system performance was achieved at least partly at the house owners' expense.
Compared to the median heating cost savings of 72 EUR/house/year and 23 EUR/house/year for years with high and normal electricity prices respectively in a heating cost minimization DSM study with Swedish electrically heated detached houses [18] , the heating cost savings in the RH scenarios between 42-83 EUR/house/year and between −22-22 EUR/house/year in the Nordic and Finland case studies respectively agree surprisingly well despite the different objective. However, considering the full heating cost saving ranges of 0.9-330 EUR/house/year for high prices and 0.36-97 EUR/house/year for normal prices in Ref. [18] , there is a potential conflict of interest between the objectives of the power system and the house owners. Additionally, this conflict of interest seems to become more pronounced for isolated power systems where flexibility is in shorter supply.
The energy efficiency improvements resulted in consistently higher heating cost savings for the house owners, as well as comparable system cost savings in most scenarios. Additionally, the savings with flexible heating systems were seen to decrease only slightly in the Rfb + RH and nZEB + RH scenarios when combined with energy efficiency improvements. Considering that the energy efficiency improvements reduce other components of retail electricity prices besides the price of energy, e.g., transmission tariffs and energy taxes, the actual heating cost savings for energy efficiency improvements are likely to be even higher than the energy-only costs presented in this work. Conversely, transmission tariffs and energy taxes have a slightly negative impact on the heating cost savings of P2H, as storing heat always results in some extra energy consumption. However, it is worth noting that the simulations were calculated with 100% of the expected direct electrically heated houses in Finland participating in P2H, resulting in significantly lower system cost savings per house than for lower penetrations [20, 39] . The savings achieved via energy efficiency improvements, on the other hand, are most likely more independent from their penetration in the building stock, although this could depend on the composition of the generation portfolio. Thus, the system cost savings per house for lower penetrations of flexible heating systems could be more competitive with the energy efficiency improvements.
One potential benefit of residential P2H over simple energy efficiency is that it could increase the profitability of VRE generation capacity investments, making high VRE penetrations economically more feasible. However, capturing such effects would require modeling endogenous investments at least on the power system side, and potentially even for residential P2H capacity [21] or energy efficiency improvements. With reliable information about the investment costs related to flexible heating systems and energy efficiency improvements, a proper comparison between the two using cost-benefit analysis would be an interesting future research pathway.
Conclusions
Widespread residential DSM can have significant impacts on the operation of power systems, permitting them to operate more efficiently at a lower cost. With sufficient amounts of VRE in the power system, residential P2H solutions with thermal storage can yield more savings than improvements into building energy efficiency. While flexible storage heaters were found to yield significantly higher savings than flexible direct resistive heating, further increasing the amount of thermal storage proved ineffective even with significant amounts of VRE in the power system. However, the study did not consider changes in the generation portfolio. With increasing VRE, base generation capacity would likely decrease and peak generation capacity increase, potentially resulting in improved economics for larger residential thermal storages. Comparing the benefits of residential P2H and energy efficiency improvements while taking into consideration investments into different types of generators presents an interesting future research possibility. Furthermore, reliable information about the investment costs of the different P2H and energy efficiency measures would enable comparing the two more thoroughly using cost-benefit analysis in the future.
While the system cost savings of residential P2H solutions were found to be larger in more isolated power systems, this was achieved at least partly at the house owners' expense. Strict system cost optimal P2H operation of residential heating systems could result in their excessive use, increasing the yearly heating costs of flexible buildings. As house owners are potentially capable of independently minimizing their heating costs, such control schemes are unlikely to gain acceptance without additional incentives to the house owners. Comparatively, energy efficiency improvements yielded significantly more heating cost savings for the house owners than P2H, especially when other retail electricity price components are considered in addition to the power market price. However, the cost savings of residential P2H were only slightly reduced by the energy efficiency improvements, potentially making it viable to combine the two in the future building stock. 
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. Generation Capacity and Power Plant Properties
The distribution of generation capacity within the countries was based on the results of the e-Highway2050 project [34] "Large scale RES" scenario, but most of the country-level generation capacities were scaled to match the results of the European Reference Scenario 2016 [33] . However, as Norway is not an EU member state and is not included in the European Reference Scenario 2016 [33] , the e-Highway2050 project results [34] were used as is.
Thermal generation capacities using fossil and biomass fuels were divided into condensing and combined heat and power (CHP) capacities based on the European Reference Scenario 2016 results [33] , neglecting the possibility of nuclear CHP generation. Furthermore, enough pure heat generation capacity was added to the system to cover for the required heat demand, and assumed to be distributed identically to the CHP generation capacity.
The technical parameters of the power plants were mostly based on technology catalogs published by the Danish Energy Agency [46, 47] , but a report by the European Commission's Joint Research Centre was occasionally consulted as well [48] . The variable operational and maintenance costs of power plants, as well as the start-up fuel consumption, were based on more specialized sources [49, 50] . The power plant stock was further divided into nine efficiency groups based on proprietary databases of the current Northern European power system, in order to better capture the effects of power plant diversity by age and exact generation technology on the marginal generation costs. Due to the proprietary nature of some of the power plant data, the raw power system data cannot be re-shared.
Appendix A.2. Interconnections and Reserve Requirements
Similar to the generation capacity, the sub-country transmission capacities were based on the e-Highway 2050 project results [34] , while the total transmission capacities between countries were scaled to match expected capacities in the Ten-Year Network Development Plan 2016 [35] .
The reserve requirements for the Nordic power system were based on current policies outlined the Nordic System Operation Agreement [51] , with the exception that the Olkiluoto 3 nuclear power plant was assumed to become the dimensioning fault by 2030. The reserve requirements of the modeled parts of continental Europe were loosely based on European Network of Transmission System Operators for Electricity (ENTSO-E) guidelines [52, 53] .
Appendix A.3. Electrical and Heat Load Time Series
Historical Nordpool electricity demand time series from 2013 were used for Finland, Sweden, Norway, and Estonia, while Ten-Year Network Development Plan 2016 [35] market modeling data is used for countries outside Nordpool. The heat demand time series were based on the Ten-Year Network Development Plan 2016 [35] electricity demand time series as well, although there is no clear indication whether they represent any actual historical year or not. All the demand time series were scaled to match the total yearly electricity and heat demand values in the European Reference Scenario 2016 [33] results, with the exception of Norway.
As Norway is not included in the European Reference Scenario 2016 [33] , the total yearly electricity consumption was scaled to match the e-Highway 2050 project results [34] instead. The total yearly heat demand for Norway is based on a report by Institute for Energy Technology [54] , and assumed to increase from 2020 to 2030 similarly to electricity demand.
Appendix A.4. Weather, Renewable Generation, and Hydropower
The ambient temperature, solar radiation, and capacity factor time series of wind and solar power plants in the Nordic countries were based on MERRA-2 datasets [55] [56] [57] for the year 2013, while the wind and solar capacity factors for Germany, Poland and the Baltic countries were based on data from renewables.ninja [58, 59] . Additionally, ensemble forecasts for the year 2013 by the European Centre of Medium Range Weather Forecasts (ECMWF) were used for generating the ambient temperature and wind power capacity factor forecasts for the stochastic optimization.
Hydropower inflow time series were estimated based on data from the Norwegian Water Resources and Energy Directorate, Svensk Energi, and Finnish Environmental Institute for the year 2012, as data for 2013 was unavailable. The maximum permitted hydropower reservoir levels were based on the NordPool maximum historical reservoir levels of the years 2013-2016, and assumed to increase linearly along with reservoir hydropower capacity in the European Reference Scenario 2016 [33] and e-Highway 2050 project results [34] towards 2030. The initial reservoir levels were based on the historical reservoir levels at the beginning of the year 2012.
The reservoir value parameters used for appraising the water levels in the hydropower reservoirs were based on the yearly average marginal cost of generation for the entire modeled power system. As with the other modeled generation technologies, reservoir hydropower was divided into nine efficiency categories, resulting in varying operation and maintenance costs. The reservoir value for each wind and solar multiplied scenario was set in a way that half of the reservoir hydropower capacity had marginal generation costs above the yearly average marginal cost of generation, and are presented in Table A1 . Appendix A.
Fuel and Carbon Prices
The future fossil fuel prices were based on a report by the UK Department for Business, Energy and Industrial Strategy [60] , with lignite assumed to be 11% cheaper than coal [48] . The price of nuclear fuel was calculated assuming total fuel cycle costs of 9.33 USD/MWh e [61] and an assumed 33% conversion efficiency of a second generation light water reactor [48] . Biomass prices were based on a report by Pöyry Management Consulting Oy [62] . All the fuel prices were converted to EUR/MWh F using energy conversion factors from the IEA Unit Converter [63] and the 10 year average currency exchange rates between 27 November 2007-27 November 2017 from the European Central Bank [64] . The assumed fuel prices are presented in Table A2 . The used carbon price of 33.50 EUR/tCO 2 were based on the European Reference Scenario 2016 [33] , and the CO 2 content of the fuels was based on IPCC guidelines [65] .
Appendix B. Building Stock Data Description
Appendix B.
Finnish Detached Housing Stock
The future state of the residential housing stock was based on pre-existing modeling results about the future development of the residential building stock [36, 37] , and the structural data for the different building age categories was based on national building industry knowledge services archives [66] . Unfortunately, these data sources are proprietary, and the raw input data for the building stock modeling and aggregation cannot be re-shared. However, some key properties of the aggregated building stock are presented later in Tables A3-A8. The building envelope structures were assumed to be independent of the heating systems for simplicity, even though electrically heated houses have typically been slightly better insulated due to their higher cost of energy. The structural layers of future detached houses were assumed to remain similar to contemporary ones, except that the amount of insulation was increased to meet the future energy efficiency requirements of nearly zero-energy buildings (nZEB) [67, 68] . The ventilation properties were based on empirical studies of the existing housing stock [69, 70] , and the properties of the structural materials are based on a literature survey [71] . The detached houses were assumed not to have undergone any refurbishments in the baseline scenario, as there are no reliable data sources to reliably estimate the amount and level of refurbishments.
Appendix B.2. Energy Refurbishments
The minimum refurbishments required by the Ministry of the Environment [29] have been implemented in the data files. The insulation thickness in the external walls and ceilings were increased in all the refurbished houses until 2020 to match the minimum required U-values of the structures [29] . The floor structures were only refurbished in the age categories before the 1960s by changing the insulation material into modern ones, as later slab-on-grade floors are extremely costly to refurbish properly [31, 32] . These changes correspond roughly to the suggested external adding of insulation suggested in the various sources to avoid moisture related issues that adding insulation to the interior could cause [32] . Fenestration in all the refurbished categories was set to match the 2010-2020 parameters, as these are the oldest structures that meet the requirements set in the degree. Ventilation in the buildings before the 1980s was not refurbished, as these buildings are typically naturally ventilated and the air-tightness of the envelope is rather poor. Installing heat recovery units (HRUs) would thus require investing into a whole new mechanical ventilation system, as well as improving the air-tightness of the envelope [30, 31] . From the 1980s onwards, the houses were installed with HRUs with a minimum efficiency of 45%, and the ventilation and infiltration rates were set to match the 2010-2020 standard values.
The nZEB refurbishments were also implemented by increasing the insulation thickness of all existing structures to match proposed U-values for Nordic passive houses [72] , this time even with the slab-on-grade floors. Unlike the above-mentioned refurbishments, the nZEB refurbishments would often be prohibitively expensive to realize, and serve as an extreme comparison. Similarly, the air-tightness and ventilation HRUs were improved/installed to match the proposed requirements.
Appendix B.3. Detached Housing Stock Aggregation
The electrically heated detached housing stock was represented using two archetype houses, one for the Southern Finland and one for the Northern Finland. The properties of the archetype buildings were aggregated from municipality-level building stock data, illustrated in Figure A1 , and detailed structural data of typical structures used in construction during different periods. Key properties regarding the aggregation of the detached housing stock are presented in Tables A3 and A4 for the expected housing stock, in Tables A5 and A6 , for the refurbished housing stock, and in Tables A7 and A8 for the nZEB refurbished housing stock. Figure A1 . Illustration of the municipality-level building stock data, as well as the derived gross floor area density rasters used for the weighed averaging of the weather data for the archetype houses. Darker areas indicate higher gross floor area density, with black representing the maximum density value of the corresponding raster. The rasters for Northern and Southern Finland being highlighted using the bounding boxes, and are not directly comparable, as the maximum gross floor area density in Northern Finland is significantly lower than in Southern Finland. The borders of the power system node regions are shown in dark gray, and the borders of the municipality level building stock data used for generating the rasters are shown in light gray. The weather data for the archetype houses was aggregated using the same municipality-level building stock data, by calculating the gross floor area (GFA) density (m 2 /km 2 ) of the archetype houses for each municipality. This GFA density map was then converted into 50 × 50 pixel rasters depicting the geographical distribution of the archetype houses, illustrated in Figure A1 , and used to calculate the weighed average ambient temperature and solar radiation time series from the MERRA-2 [55] [56] [57] data. The ambient temperature time series were used for calculating the effective ground temperature time series according to [73] , and the solar radiation time series were used for calculating the solar gains of the archetype houses according to [40] .
